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Abstract 
This work introduces and investigates the a novel compact catalytic nanoparticle bed micro-
fabricated reactor suitable for utilization in small-scale intermediate-temperature micro-SOFC 
systems. It is shown that the presented micro-reactor is able to produce syngas (CO + H2) 
efficiently from n-butane and propane at temperatures between 550 – 620 °C by means of 
catalytic partial oxidation (CPOX) using Rh-doped nanoparticles embedded in a foam-like 
porous ceramic bed as a catalyst. The novel micro-fabricated reactor system is experimentally 
tested using a carrier specially designed for heating the reactor as well as feeding the fuel and 
receiving the reaction product gases. Optimization of the syngas production is performed by 
varying fuel dilutions and reactor temperatures. The performance of the micro-reactor was 
investigated in two modes: (1) Continuous heating mode, in which two built-in heaters 
underneath the carrier are kept on throughout the reforming reaction. This simulates the 
operating state of a micro-SOFC system where the post-combustor provides heat to the micro-
reformer continuously. (2) Thermally self-sustained mode, in which the heaters are turned off 
after the CPOX has been ignited. An estimation of the heat losses of both testing modes is 
also given. The present micro-reactor is able to achieve syngas yield as high as 60 % for n-
butane and 50 % for propane in the continuous heating mode, which is a substantial 
improvement to state-of-the-art micro-reactors. 
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Highlights 
• A novel compact catalytic nanoparticle bed micro-fabricated reactor is introduced 
• A specially designed carrier for testing the micro-reactor is fabricated. 
• The micro-reactor can be integrated in small-scale SOFC systems. 
• The micro-reactor is able to achieve higher syngas yield for n-butane and propane than state of 
the art micro-reactors. 
 
Broader context  
Miniaturized solid oxide fuel cell (e.g micro-SOFC) power plants are believed to constitute 
one of the technologies that could help satisfy the continuously increasing electric energy 
demand for small mobile devices. One of the main challenges in such systems is to produce 
syngas (CO + H2) efficiently on board from hydrocarbons at intermediate temperatures 
around 550 °C. In this work, we present a compact catalytic nanoparticle bed micro-fabricated 
reactor concept capable of producing sufficient syngas to power a micro-SOFC power plant. 
The micro-reactor can be directly integrated with the micro-SOFC membrane and the post-
combustor and is estimated to deliver enough syngas for the production of electrical energy in 
the range of 1-2 W. 
 
Notation 
!Vin  Volumetric flow rate at reactor inlet / cm
3 min-1 
C/O Fuel to oxygen ratio 
!Qloss,reaction  Heat losses of reaction / J·s−1·mol−1C4H10, J·s−1·g−1feed gas 
!Qloss,total  Total heat losses of the system / J·s−1 
Si Selectivity of species i 
T Temperature / °C 
Tcarrier Temperature at the carrier on top of heater B/ °C 
Top Operating temperature at steady state / °C 
Tset Temperature on top of micro-reactor without gas flow/ °C 
tspace Space time / ms 
Vreactor Reactor volume / cm3 
  
Greek letters  
η 
  Fuel conversion 
i!  Yield of species i 
!  C/O ratio 
σ Standard deviation 
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1 Introduction 
Micro-scale fuel cell devices are being investigated intensively, due to their potential to 
deliver higher energy density than common Li-ion-batteries [1-4] combined with the inherent 
fuel cell features in power generation. Among all fuel cell types, solid oxide fuel cells (SOFC) 
have the advantage of coupling high fuel flexibility with high efficiency and long-term 
stability. Due to the high operating temperature of SOFCs, a wide variety of hydrocarbons can 
be reformed to generate syngas fuel (CO + H2) either directly on the anode (internal 
reforming) [5-10] or in a separate reactor (external reforming) [11]. The decoupling of syngas 
generation from the SOFC-membranes has the advantage of allowing an easier and more 
precise optimization of the fuel-processing unit, leading to an increase in the overall 
efficiency of such a system. 
Studies on micro-scale fuel processors for small-scale fuel cell devices have been primarily 
focused on steam reforming of hydrocarbons and alcohols [12-17] mostly at temperatures 
below 350 °C. Tanaka et al. [18] introduced a micro-fuel reformer system able to reform 
methanol at temperatures as low as 180°C. The heat in the system was provided by either a 
micro-heater or by an integrated micro-combustor, in which n-butane was oxidized in order to 
produce enough heat for the endothermic reforming reaction.  
Micro-fabricating reactors with a needed broad palette of materials becomes challenging as 
the operating temperature requirements increase. High temperature micro-structured reactors 
have been investigated primarily for hydrocarbon-to-hydrogen-conversion [19-22]. 
Pennemann et al. [20] studied a micro-structured reactor for the partial oxidation of propane at 
temperatures between 700 and 850°C. For this purpose, novel metals like palladium, platinum 
and rhodium on alumina were wash-coated onto the micro-structured channels of their 
reactors. The high temperatures were obtained from an external heating source. Metzler et al. 
[19] introduced a micro-fabricated silicon-reactor setup for the partial oxidation of methane at 
high-temperatures. In their study, the reaction is catalyzed on a palladium-coated channel and 
activated using an external resistive heating device placed on top of the reactor chip. The 
fabrication procedures of such metal coated micro-reactors are complicated and time 
consuming. There is a need for cost-effective, simple fabrication techniques for such devices. 
The novelty of the present work is the introduction of a feasible, compact, micro-fabricated 
reactor/catalyst concept and the study of its suitability to produce syngas efficiently at 
intermediate temperatures (between 550 – 620 °C) for micro-SOFC applications. The syngas 
is generated from n-butane and propane:  
Cat.
4 10 2 2n C H 2O 4CO 5H! + ""# +     (1) 
Cat.
3 8 2 2
3C H O 3CO 4H
2
+ !!" +     (2) 
These hydrocarbons are selected because of their high energy content (45.7 MJ/kg and 26.2 
MJ/L at 25 °C for n-butane and 46.4 MJ/kg and 22.8 MJ/L at 25 °C for propane, 
respectively), feasible portability due to relatively low vapor pressure (243 kPa and 952 kPa at 
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25 °C for n-butane and propane, respectively), their high availability and their wide societal 
acceptance.  
Rhodium metal on ceria-zirconia support (Ce0.5Zr0.5O2) nanoparticles is used as catalytic 
material due to its proven ability to deliver high syngas yield at different intermediate 
temperatures and fuel dilutions [23-25]. The Rh-catalyst is embedded in the micro-reactor by 
a one-step sol-gelation process described in [26], which allows filling of nanoparticles in 
different reactor shapes, thus avoiding expensive and cumbersome deposition procedures or 
other complex coating or impregnation steps. This simple process has proven to be reliable for 
small size reactors, as the one reported in this study.  
For reactor heating, two built-in screen-printed resistive heaters on a specially fabricated 
micro-reactor carrier unit were employed. This carrier unity was fabricated by a thin film 
deposition process utilizing standard thin-film procedures and also served as support for gas 
transport to and from the micro-reactor.  
The micro-reformer presented here can be integrated directly in a micro-SOFC power plant 
and is shown to be capable of producing enough syngas and serve as a gas processing unit for 
such a device.  
2 Experimental methods 
2.1 The micro-reactor and the carrier testing platform 
The micro-reactor used in this study was fabricated by standard micro-fabrication techniques 
on a 1000 µm thick Si-substrate (Fig. 1a). The substrate was etched to a depth of 500 µm 
using potassium hydroxide (KOH). Masks with compensation structures for the pins and the 
walls were used in order to obtain the desired 1.5 mm × 1.5 mm quadratic pins (needed for 
structural integrity) and the 5 mm × 0.5 mm rectangular structures (at the walls, for 
mechanical stability at the borders) during KOH-etching. A 1000 µm thick borosilicate glass 
3.3 with two drilled holes of 2 mm in diameter was subsequently anodically bonded onto the 
Si-substrate. The dimensions of the catalytic bed and the micro-reactor are 11.0 mm × 11.5 
mm × 0.5 mm and 12.7 mm × 12.7 mm × 2.0 mm, respectively. The catalytic bed volume 
(Vreactor) is 58.5 mm3.  
The optimization of the reactor design was accomplished by standard numerical simulations 
(not presented for brevity) of gas flow in a porous layer simulating the catalyst bed, 
performed using the CFX package (version 12.1) for ten different reactor geometries. The 
numerical study showed that the present design with two square pins in the micro-reactor 
enhanced flow uniformity and distribution and minimized dead volumes.  
The 1.9 wt% Rh on Ce0.5Zr0.5O2 catalytic nanoparticles with an average diameter of 12 nm 
were synthesized in a one-step process by flame spray synthesis as described in [23]. The 
catalytic ceramic foam was prepared by a one-step sol gelation process as described and 
characterized in [26]. As in previous studies [23,24,26,27], we kept the same nanoparticle to 
sand weight ratio to 1:3. For preparation of the ceramic foam, 24.1 wt% catalytic 
nanoparticles, 72.2 wt % washed and calcined SiO2-sand (Riedel-deHaёn, average diameter: 
200 µm, puriss p.a.), 0.9 wt% gelation agent (triammonium citrate, Riedel-deHaёn, purity ≥ 
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97%) and 2.8 wt% ceramic binder (sodium metasilicate pentahydrate, Riedel-deHaёn, purity 
≥ 97%) were mixed with the same mass of deionized water (18 MΩ). The mixture was 
manually stirred and then placed in an ultrasonic bath for 5 min. These steps resulted in a 
highly viscous suspension which was then introduced inside the micro-reactor through the 
openings. The reactor was shaken regularly during the filling process in order to avoid empty 
areas that could result in unused or dead volumes. The water in the reactor was removed by 
thermal treatment after heating up to 100 °C with a heating rate of 2.5 °C/min and by keeping 
this temperature for 60 min. The reactor was heated up to 650 °C for 20 min with a heating 
rate of 10 °C/min. This step was necessary in order to ensure that the catalytic bed could 
sustain such high temperature levels without any crack formation (Fig. 1a).  
In order to be able to characterize the micro-reactor, a specially-designed carrier unit was 
fabricated using standard thin film fabrication techniques (Fig. 1b and c). The carrier has two 
important functionalities: First, it allows the gas transport to and from the micro-reactor at the 
intermediate temperatures needed for this study and second, it provides the necessary 
activation temperature of the reaction by means of two resistive heaters.  
The carrier was made of two layers of Schott AF 32® Eco Glass which tolerates high 
operating temperatures (thermal expansion coefficient = 3.2 × 10-6 K-1, transformation 
temperature = 717 °C, Schott AG). As material for the carrier, we chose glass instead of 
silicon to prevent heat transfer from the reaction zone through the carrier to the inlet and 
outlet connections. Glass also provides much better thermal insulation for the micro-reactor, 
which is desirable when high operating temperatures are needed. The micro-channels were 
fabricated between two glass layers (Fig. 1b and c). For this purpose, a glass frit powder 
(Ferro IP 760c, Ferro Corporation) was formulated with a vehicle consisting of ethyl cellulose 
binder (EC-300-48, Sigma Aldrich), plasticized with triethylene glycol bis(2-ethylhexanoate) 
and dissolved in a terpineol – dibutyl carbitol solvent mix. The paste was screen-printed onto 
both glass plates. The assembly was accomplished by heating up to 700 °C under a load of 
150 g to ensure tightness of glass frit walls between the micro-channels. The average 
thickness of the glass frit layer (height of micro-channels) was 150 µm. The dimensions of the 
carrier were 75 mm × 12 mm × 1.75 mm.  
The micro-reactor was also assembled on top of the carrier using the same technique. Two 
heating tracks made of silver and platinum were also screen printed onto the carrier glass with 
a thickness of 2.5 ± 0.4 µm and two widht of 0.4 mm and 0.6 mm, respectively. A ceramic 
interconnect allowed the power supply to the heating tracks. In a final step, the mechanical 
interconnects were made by simply attaching two stainless steel connections using epoxy 
(STYCAST 2741 W1 – Catalyst 15, Emerson & Cuming) on top of the carrier inlet and outlet 
holes (Fig. 1b).  
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Fig. 1. (a): The micro-fabricated reactor filled with dried catalytic material. Top (b) and 
bottom (c) views of the assembled micro-reactor and carrier unit. The symmetric fluidic 
channels and built-in heaters on the carrier testing-platform are also shown.  
 
2.2 Test setup and procedures 
The specified hydrocarbon fuel (PanGas, purity of both hydrocarbons: 99.95 %) was diluted 
with synthetic air (80 vol% N2, 20 vol% O2, PanGas, 99.9996 %) at room temperature (20 °C) 
at specified fuel to oxygen ratios before the inlet of the testing platform. The different feed 
compositions are represented by  
x y
2
C H ,in
O ,in
x
2
n
n
! = "
!
!        (3) 
and their values are defined by the molar oxygen to fuel ratios in the proximity to 
stoichiometric CPOX reaction: 
(a) 
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Rh
x y 2 2
x yC H O xCO H
2 2
+ !!" +    (4) 
The micro-reactor testing platform was insulated with two insulation blocks (WDS®Ultra, 
5 cm × 10 cm × 10 cm each, of thermal conductivity = 0.018 Wm-1K-1 at 50 °C varying to 
0.031 Wm-1K-1 at 600 °C, Porextherm Daemmstoffe GmbH). The temperature on top of the 
micro-reactor was measured by two K-type thermocouples. 
For the noble metal rhodium, reactions (1) and (2) are activated at temperatures above 300 °C 
[24,28]. For this purpose, two screen printed resistive heaters on the carrier were powered by 
a power supply in order to activate the reaction at different temperatures.  
The exhaust gas composition was monitored by a gas chromatograph (6890 GC, with a HP-
MOLSIV and a HP-PlotQ column, Agilent) every 25 min until the micro-reactor reached 
steady state conditions. We defined steady conditions when fuel utilization (conversion) and 
syngas yield showed no significance variation with time (standard deviation, σ ≤ 0.8 %) and 
the temperature rise remained within 1 °C during 10 to 15 min. We defined Top as the 
operation temperature at which steady conditions were obtained.  In the case of successful 
reaction ignition, these conditions were achieved after approximately 95 and 120 min of 
reaction time. After this time the reaction was terminated by stopping the gas flow. The molar 
product gas balances for C, H and O atoms closed within 5 % for all experiments.  
The results of the gas analysis were quantified primarily by means of fuel conversion, 
hydrogen yield, syngas yield and molar methane to inlet fuel ratio (Table 1).  
 
 
Fuel conversion: x y x y
x y
C H ,in C H ,out
C H ,in
n  n
 = 
n
!
"! !
!
 
Yield of H2 and CO: 
2
2
y
H
H
C H ,in
2
x
n
y n
! = "
"
!
!
and 
y
CO
CO
C H ,inx
n
x n
! =
"
!
!
 
Yield of syngas: 
2
x y
H CO
syngas
C H ,in( )2
n n
y x n
!
+
=
+ "
! !
!  
Molar methane to inlet fuel ratio 44
x y
CH
CH
C H ,in
n
x
n
=
!
!
 
Selectivity of H2 and CO 
2
2
2 2
H
H
H H O
n
S
n n
=
+
!
! !
 and 
2
CO
CO
CO CO
nS
n n
=
+
!
! !
 
Table 1. Characteristic values for gas composition analysis. 
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3 Results and Discussion 
We investigated the performance of the micro-reactor in two different testing modes: (1) The 
continuous heating mode, in which the heaters underneath the carrier are kept on throughout 
the reforming reactions. The continuous heat source simulates an additional unit in the system 
such as a post-combustor device [18,29], providing constant heat to the reactor during its 
operation,. The continuous heating mode is also advantageous as it helps achieving adjustable 
temperatures in the micro-reactor in order to characterize its performance in a systematic 
manner. (2) The thermally self-sustained mode, which simulates the case where the post-
combustor is not present or is not thermally connected to the micro-reactor. It also simulates a 
possible startup scenario, with a limited, initial activation electrical heating. After activation 
of the thermally self-sustained reaction, the power supplied to the heaters for reaction start-up 
was turned off. The start of the reaction was indicated by a sudden temperature increase 
caused by the energy released from exothermic reaction.  
In order to have comparable conditions for the abovementioned constant heating and self-
sustained scenarios, we targeted temperatures at steady state between 550 and 620°C. To 
accomplish this, we selected low gas flow rates, which resulted in space times (tspace, Eq. 5) of 
the reactants in the catalytic bed in the range of several ms. The total inlet flow rate !Vin  for the 
experiments under constant resistive heating was 30 standard cubic centimeters per minute 
(sccm) and for the experiments on the thermally self-sustained reaction was 60 sccm.  
reactor
space
gas,reactor
Vt
V
= !
      
(5) 
 
3.1  Effect of fuel dilutions and set temperature on product composition 
In the first set of experiments, a continuous heat source was used during all experiments to 
obtain the desirable temperatures at the top of the micro-reactor. We defined Tset as the 
temperature at the top of the micro-reactor when no gas was flowing through it, controlled by 
the power input to the heaters. In order to investigate and optimize the performance of the 
micro-reactor, we varied the carbon to oxygen ratios (φ) of the inlet gas mixture and Tset. For 
both fuels we used the φ values of 1.0, 0.8, 0.7 and 0.6 for a total inlet flow of 30 sccm. 
Stoichiometric conditions (φ = 1.0) were tested as reference values, while the other values 
were chosen to determine φ at which the maximum CPOX performance in terms of syngas 
yield can be achieved.  
Once the temperature on top of the micro-reactor reached the desired Tset, the reacting gas 
mixture was fed through the catalytic bed until Top was obtained. Figure 2 shows the 
characteristic temperature increase behavior from Tset to Top observed during these 
experiments.  
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Fig. 2. Characteristic temperature behavior during testing. Tset (dashed red line) denotes the set 
temperature at the micro-reactor without any gas flow and Top (circles) represents the micro-
reactor temperature with a total inlet flow rate of 30 sccm at steady state conditions. 
 
As shown in Fig. 2, for Tset < 300 °C, no significant change in temperature was obtained. At 
Tset = 300 °C, the temperature rose only to a small extent, whereas for Tset ≥ 350 °C, the 
temperature rise was significant.  
Gas composition analysis showed that for Tset < 300 °C, the diluted hydrocarbon-air mixture 
did not undergo any change inside the micro-reactor and that no thermal decomposition at 
these temperature levels occurred. At Tset = 300 °C, fuel conversions below 15 percent were 
obtained and consequently the thermal decomposition products, carbon dioxide and water 
vapor, were identified in the outlet gas stream. For Tset ≥ 350 °C, higher fuel conversions, 
hydrogen and carbon monoxide among other gases were detected, confirming the successful 
activation of the CPOX reaction. Also characteristic for the ignition of the CPOX reaction 
was the total consumption of oxygen, which could not be detected at any point in time during 
the gas measurements after the CPOX reactions were initiated. 
The effects of Tset and dilution ratio on Top for n-butane and propane are depicted in Fig. 3. As 
in [23], the final temperature follows the same trend as the oxygen to inlet fuel ratio, 
increasing from 550 to almost 620 °C from higher to lower φ values i.e. when diluting 
towards stoichiometric total oxidation ratio (φ = 0.31 for n-butane and φ = 0.30 for propane). 
At these values of Top, the calculated residence time, tspace, was in the range of 40 to 44 ms for 
all reactions. As shown in Fig. 3, the increase in Top is lower than that in Tset, mainly due to 
the heat losses at these intermediate temperatures. 
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Fig. 3. Effect of Tset and fuel dilution on Top for (a) n-butane and (b) propane CPOX. From 
φ = 1.0 to 0.6, Top follows a similar trend as the O2/CxHy molar ratio. 
 
The CPOX performance of the catalytic bed varied depending on the utilized fuel, fuel 
dilution and heating temperature. For all reactions, the outlet gas mixture contained 
unconverted fuel, inert nitrogen, water vapor and carbon dioxide, as well as methane and 
syngas species. No traces of other gases such as C2 or C3 components were found in any case.  
Figures 4 and 5 depict gas analysis results obtained for both fuels at steady conditions. As 
shown here, for higher Tset, higher values of η were obtained (Figs. 4a and 5a). For both fuels, 
η becomes highly temperature dependent for lower dilutions. At φ = 1.0, the difference in fuel 
conversion ratio values is maximum between Tset = 350 °C and Tset = 425 °C. 
In contrast to fuel utilization behavior, the syngas production (Figs. 4b and 5b) shows a non-
monotonic behavior for different values of φ. This parameter, as well as the hydrogen yield 
and other parameters like methane production, has a stronger dependency on the fuel dilution 
ratio and has its maximum within the chosen dilution range (φ = 0.8 - 0.6). For both fuels, 
maximum syngas values were found between φ = 0.8 and 0.7. 
The undesired methane production was highest at 0.24 moles per mole of n-butane and at 0.20 
moles per mole of propane for φ = 0.8 and 1.0, respectively. As shown in Fig. 5d, the 
methane production is Tset insensitive at the values of φ where the highest syngas production 
is obtained (φ = 0.8 - 0.7, Fig. 5b). Hence, a methanation process as methane synthesis 
pathway is improbable. The fact that the highest methane production per unit mole of fuel is 
increased at higher values of φ should be mainly caused by hydrocarbon decomposition of the 
higher concentrated inlet gas mixtures. 
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Fig. 4. Gas analysis results for n-butane for different fuel dilutions; (a) fuel conversion, (b) 
syngas yield, (c) hydrogen yield and (d) methane to inlet n-butane ratio. The symbols represent 
different Tset: squares (350 °C), circles (375 °C), triangles (400°C) and diamonds (425 °C). 
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Fig. 5. Gas analysis results for propane for different fuel dilutions; (a) fuel conversion, (b) syngas 
yield, (c) hydrogen yield and (d) methane to inlet fuel ratio. The symbols represent different 
Tset: squares (350 °C), circles (375 °C), triangles (400°C) and diamonds (425 °C). 
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When compared to the results obtained for n-butane, lower values were obtained with respect 
to syngas and hydrogen production for propane for all investigated conditions (Figs. 4b,c and 
5b,c). Due to the very similar dependence of !H2 and ψsyngas of both fuels and thermodynamic 
behavior to φ, we conclude that the effect of lower syngas generation is simply related to the 
lower efficiency of the catalytic nanoparticles towards propane conversion. As explained by 
Hohn et al. [28] and Veser et al. [30], the strength in carbon-to-hydrogen (C-H) bonds 
increases as the number of carbon atoms decreases, therefore making it energetically more 
demanding for the lower chained hydrocarbons (in this case propane) to be converted by the 
reaction. Lower propane conversion in comparison with n-butane are also supported by Huff 
et al. [31,32], who investigated various low-chained hydrocarbon fuels demonstrating the 
same trend of higher conversion values by increasing the number of carbon atoms in the 
hydrocarbon fuel. The overall lower fuel utilization values for propane had also a direct 
influence on Top (Fig. 3b). In [31], also lower final CPOX reaction temperatures were 
obtained for the lower chained hydrocarbons. 
In order to determine the best fuel dilution ratio in terms of optimal fuel conversion and 
syngas yield, the operating temperature at the top of the micro-reactor (Top) should be also 
taken into account, since for higher Top or Tset, syngas production rate is enhanced (Fig. 6).  
For n-butane (Fig. 6a) the trend in syngas yield for φ = 0.8 and 0.7 are almost the same, while 
for propane (Fig. 6b), a fuel dilution of 0.8 shows higher syngas yield. The maximum ψsyngas 
achieved was 60 % at φ  = 0.7 for n-butane and 50 % at φ  = 0.8 for propane.  
 
Fig. 6. Temperature effect on !  and syngas!  for (a) n-butane and (b) propane. The lines for 
constant φ through the data points are curve fits.  
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Fig. 7. Experimental results for both fuels (symbols) compared to thermodynamic equilibrium 
(dashed lines: 2H! ; solid lines: syngas! ). For n-butane (a-d), and propane (e-h). Fuel conversion is 
complete at equilibrium. 
 
As shown in Fig. 7, our experimental results indicate that for n-butane at tspace of 
approximately 40 – 44 ms, the obtained syngas! and !H2 at the corresponding Top on top of the 
micro-reactor are similar to those predicted by thermodynamic equilibrium calculations. For 
propane (Figs. 7e-h), thermodynamic values lie higher than our experimental results, with the 
exception at stochiometric CPOX conditions, where higher experimental syngas production is 
obtained. Despite similarities, thermodynamic equilibrium calculations only serve as 
reference for our system, since they do not take into consideration catalytic activities like fuel 
conversion and other complex aspects of reactant behavior along the reaction path. For 
example, different reaction pathways towards hydrogen generation run simultaneously in 
different regions inside the reactor [33,34]. To this end, at reactor inlet, partial oxidation 
competes primarily with total oxidation reaction. Due to the above described behavior of 
lower syngas or hydrogen generation (Fig. 7) compared to thermodynamic equilibrium 
towards lower φ values, we conclude that with the use of rhodium catalyst, total oxidation is 
enhanced due to high availability of oxygen on the catalytic surface and overcomes the 
thermodynamic limit for fuel-lean gas mixtures. A second catalytic effect not considered by 
thermodynamic equilibrium is the so called sticking effect of the reacting gases, which 
describes the alkane vs. oxygen competition for catalyst surface sites. As described by Veser 
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et al. [30], a decrease in fuel concentration in the gas mixture (lower φ values) leads to a 
stronger site blocking by oxygen on the catalyst surface, hindering the fuel utilization. 
Table 2 summarizes the results obtained at optimal C/O ratios at which syngas yield is the 
highest for n-butane and propane. As tabulated here, the maximum syngas flow generated was 
7.17 µmol/s. This amount of the produced syngas corresponds to a power of 1.85 W which is 
suitable for a micro-SOFC power plant. This power is defined as the outlet mass flow of 
syngas specie times its lower heating value [35]. 
 
 
 
CxHy -species Syngas-species  
n-Butane 
at 
φ = 0.7 
 C4H10 CH4 H2 CO syngas 
Outlet flow rate 
[µmol/s] 0.06±0.01 0.24 ±0.01 4.43±0.14 2.74±0.11 7.17±0.13 
      
 !  
4CH
x  
2H
!  CO!  syngas!  
Average ± σ [%] 95.2±0.1 0.18±0.0 66.7 ±0.4 51.7 ±0.5 60.0±0.5 
Propane 
at 
φ = 0.8 
 C3H8 CH4 H2 CO syngas 
Outlet flow rate 
[µmol/s] 0.31±0.01 0.32±0.01 4.33±0.01 2.50 ±0.01 6.83±0.01 
      
 !  
4CH
x  
2H
!  CO!  syngas!  
Average ± σ [%] 84.3±0.4 0.16±0.0 55.4±0.1 42.5±0.1 49.8±0.1 
Table 2. Summary of the gas analysis results and the outlet flow rates of the species of interest at 
optimal φ . 
 
Compared to previous studies on micro-structured reactors, the micro-reactor presented in this 
study showed very high syngas production at the intermediate temperatures investigated. The 
partial oxidation of propane on micro-structured reactors was studied by Aartun et al. 
[22,36,37], where rhodium-alumina catalysts were impregnated on Fecralloy-micro-channeled 
reactors. Artun et al. [37] reported propane conversion values below 40 % and a hydrogen and 
carbon monoxide volume content in the exhaust gas of < 2 % and < 3 %, respectively, at a 
reaction temperature of 600°C. For the same fuel dilution ratio (φ = 0.8), our results show 
double propane utilization and a hydrogen volume content of 17.2 ±0.1 % and CO volume 
content of 9.9 ±0.2% in the reformed gas. For stochiometric propane CPOX conditions, 
Pennemann et al. [20] achieved almost complete propane conversion and hydrogen and 
carbon monoxide selectivities (
2H
S , COS ) of approximately 70 % at 700 °C on rhodium 
surfaces as well. In the present study at markedly lower temperatures (below 600 °C), despite 
incomplete propane utilization, 
2H
S and COS values reached 88.9 ±0.1 % and 63.8 ±0.5 %, 
respectively. These comparisons confirm the substantial benefits of our catalytic ceramic-
foam filled micro-reactor for syngas production at intermediate temperatures. 
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3.2 Self-sufficient reaction and its effect on syngas yield 
In the previous section, the performance of the micro-reactor in terms of fuel conversion and 
syngas yield at different temperatures under continuous heat input was investigated. In this 
section, the capability of the micro-reactor to sustain a thermally self-sufficient CPOX 
reaction is tested for a volumetric total flow of 60 sccm and φ = 0.7. 
For the exothermic reaction to achieve thermal self-sustainability, we first heated the reactive 
gas mixture with the two built-in heaters fabricated at the bottom of the carrier (Heater A is 
located underneath the micro-reactor and heater B is placed prior to reactor inlet, Fig. 1c). The 
function of Heater B is mainly to heat up the incoming gas mixture. We used a total power 
input of 9.4 W and a power distribution of heaters A and B of nearly 1:1. Once the reaction 
was initiated, which occurred at a reactor temperature between 460 and 475 °C, the heaters 
were turned off (at 485 °C). The time lapse between the temperature raise at the entrance of 
the reactor and the temperature readings at the thermocouples on top of the micro-reactor 
during the rapid heating phase was the reason for the higher ignition temperature range 
obtained between these start-up experiments and those in the previous Section 3.1 (Fig. 2). 
The start-up heating method and the resulting temperature are depicted in Fig. 8, where Tcarrier 
represents the temperature at the top of heater B. 
 
 
 
Fig. 8. Temperature vs. time behavior during reaction activation (from t = 1 min until 
T = 485°C) and thermally self-sustained conditions. Tcarrier represents the temperature at the top 
of heater B.  
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For calculation of the power consumption during start-up, the lower heating value of butane, 
the n-butane inlet flow, the power supplied to reach 485 °C and the time spent to achieve 95% 
of Top were taken into consideration. For our experiment, a total power of 8.5 W was 
consumed in order to achieve 95 % of steady state temperature in Kelvin 
(Top = 585.4 ± 1.0°C, Top,95% = 542.5 °C). When compared to [23], where heating times were 
in the order of 400 s, the heating element in our setup could be substantially improved. For 
instance, a screen-printed heater on the silicon wafer itself would have the potential of being 
not only faster but also more energy efficient. That in turn makes the fabrication process more 
difficult. 
The gas analysis results for both self-sustained reaction experiments are tabulated in Table 3. 
The exhaust gas was analyzed after 60, 85, 110 and 135 min of reaction. The temperatures of 
the micro-reactor at which these samples were taken were in the range 581.1 °C and 586.4°C. 
 
 CxHy-species Syngas-species 
 C4H10 CH4 H2 CO syngas 
Outlet flow rate [µmol/s] 1.03 ±0.01 0.18 ±0.01 6.09 ±0.03 3.25 ±0.03 9.34 ±0.03 
      
 !  4CHx  2H!  CO!  syngas!  
Average ± σ [%] 60.9 ±0.6 0.07 ±0.0 46.1 ±0.6 30.7 ±0.4 39.1 ±0.5 
Table 3. Average gas analysis results from runs 1 and 2 after 60, 85, 110 and 135 min of reaction. 
 
 
When comparing the results tabulated in Table 3 with those obtained during constant heating 
(Section 3.1), the fuel utilization is reduced from over 90 % to nearly 60 %. Also, 
2H
! , CO!  
and consequently syngas! drop by approximately 20 %. One reason for the reduced syngas!  is the 
insufficient heat at the micro-reactor where hydrogen generation pathways like steam 
reforming take place. The strong endothermic steam reforming reaction is known to 
contribute to higher hydrogen and carbon monoxide production [27,34]. Also, compared to 
the experiments in Section 3.1, no preheating of the inlet gases was possible, which is known 
to reduce fuel utilization and CO production rate [38]. The second factor affecting the results 
is tspace, which was approximately 21 ms, compared to 40 – 44 ms in the experiments in 
Section 3.1. As explained in [24], low space times result in lower fuel utilization, as the 
reactants have less time to be converted.  
Due to the very small size of the system, heat losses have been shown to play an important 
role in the fuel utilization and in the partial oxidation of small-size reactors [38]. We estimate 
here the heat loss of reaction ( !Qloss,reaction ) at steady state in both testing modes (at ϕ= 0.7) from 
!Qloss,reaction = !noutlet !houtlet Top( )" # !ninlet !hinlet Top( )"      (6) 
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where !ninlet  and !noutlet  are the inlet and outlet mole flow rates and hinlet(Top) and houtlet(Top) 
denote the inlet and outlet molar enthalpies at an assumed constant temperature Top. For the 
continuous heating mode, two different Top values are close to that obtained by the self-
sustained mode. The calculated values of  are shown in Table 4. In the cases studied here, 
approximately 4 times more heat is lost in the self-sustained mode. As a consequence, a lower 
fuel utilization and a lower syngas production is obtained. However, in order to determine the 
optimal operation mode for a steady state reaction, the power supplied from the screen-printed 
heaters has to be taken into account. For the continuous heating mode at steady state at 
Top = 579°C and Top = 593°C, a heating power of 1.9 W and 2.1 W (for Tset = 375°C and 
Tset = 400°C), respectively, was necessary. Employing Eq. (7), 
 !Qloss,total = !Qloss,reaction +Pheater        (7) 
where Pheater is the heating power provided by the built-in heaters, total heat losses !Qloss,total  of 
2.88 J·s-1 and 3.06 J·s-1 are obtained for the continuous heating mode at 579°C and 593°C, 
respectively. For the self-sustained mode, !Qloss,total  equals 1.90 J·s-1, which implies a better 
performance in terms of total heat losses for the reactor system. 
An important aspect of such system is the controlled production of methane. For the self-
sustained reaction, production of methane per inlet molar fuel flow was more than halved 
compared to our results obtained in Section 3.1 (Table 3). Obviously, the lower n-butane 
conversion contributed to this drop. Control over methane production could be possible by 
enhancing e.g. steam reforming reaction, as discussed previously. In a system where fuel may 
not be entirely utilized from SOFC membranes for power generation, unconverted gases like 
methane would need to be consumed completely in a post-combustor in order to avoid 
exhausting flammable gases to the environment [29]. Combustion of methane may be energy 
demanding as its concentration in the exhaust gas increases, especially at our intermediate 
temperature range of interest [39]. According to our results, realizing the CPOX reaction at 
low φ values would be necessary in order to avoid high concentration of methane in the 
exhaust gas, enhancing at the same time the fuel conversion.  
After 280 hours of operation combined, no cracks or other kind of deformations were noticed 
on neither the micro-reactor bed nor the micro-reactor structure itself, underpinning the very 
good mechanical stability and reliability of the reactor. 
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 Top 
/ °C 
!Qloss,reaction  
/ J mol-1C4H10 
!Qloss,reaction  
/ J mol-1feed gas 
Pheater 
/ J s-1 
!Qloss,total  
/ J s-1 
Continuous 
heating mode 
579 -1.298 -609.8 1.9 -2.877 
593 -1.272 -597.4 2.1 -3.057 
Self-sustained 
mode 585 -5.051 -2371.0 - -1.900 
Table 4. Calculated heat loss for the two testing modes used in this study at C/O = 0.7. !Qloss,reaction  
is given in J per mole of inlet butane and J per gram of the feed gas, while !Qloss,total is given in 
total values. 
 
4 Conclusion 
In this study, the capability of a novel micro-fabricated reactor concept to deliver high syngas 
yield was investigated by means of partial oxidation of n-butane and propane. The CPOX 
reaction was accomplished by the use of a rhodium doped catalyst embedded inside a foam-
like ceramic bed inside the micro-reactor.  
Under continuous heating conditions and at tspace = 40 – 44 ms, the micro-reactor was able to 
deliver syngas yield as high as 60 % for n-butane and 50 % for propane for an optimal C/O 
ratio of 0.7 and 0.8, respectively. Enough syngas (7.2 and 6.8 µmol/s equivalent to 1.85 W 
and 1.76 W for n-butane and propane, respectively) was produced to power a micro-SOFC 
device. These experimental results were shown to be close to thermodynamic equilibrium 
behavior, especially for the gas mixtures close to stochiometric partial oxidation conditions.  
It was also shown that the micro-reactor is able to reach steady state temperature and syngas 
production in a thermally self-sustained mode. In this case, however, syngas yield dropped to 
39 % for n-butane, due to insufficient heat through the entire reactor, the higher heat loss by 
the reactants and the lower residence time. Despite its higher reaction heat loss, the self‐
sufficient reaction is proven to be the most efficient heating mode when the total heat loss of 
the reactor system is taken into account. 
The presented micro-reactor bed demonstrated a good thermal and catalytic stability through 
all experiments. Overall, the catalytic results of this study prove the suitability of this novel 
micro-reactor for delivering high conversion of fuel and high syngas yields. In addition to its 
generic value, the present micro-reactor was fabricated and investigated with the additional 
aim of being integrated with a micro-SOFC membrane and a post-combustor to piece together 
a first of its kind portable micro-SOFC power plant. 
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